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FOREWORD

This document represents the first progress report on the
NASA research grant NGR 44-001-027, The report is divided into
five general areas which may be considered individually or collec-
tively, A summary of these sections is presented below as an out-
line of the contents of the report and the information that is
contained therein,

PART I is the introduction and contains an overview of how
the individual parts of the research are being directed toward a
common objective and how these results are oriented toward the
specific problems of the granting agency,

PART II contains a philosophy of cost model development
which discusses some of the possibilities open in the development
of cost models such as those presently being considered by the
Long Range Planning Office at the Manned Spacecraft Center,

PART II1I summarizes another area of research which is orient-
ed toward the specific analytical problem of determining para-
meters associated with elements of a mathematical model by using
nonlinear estimation of those parameters in a restricted space,

PART IV summarizes a third research area which is directed
toward the collection, analysis, and utilization of subjectively
determined data in the construction and application of mathemati-
cal models,

PART V contains the advisory memos that have been written
as part of the services performed under this grant, These .in-
clude critiques of other NASA contractor reports as well as in-

formal meetings held at NASA and Texas A&V,
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PART VI is a report on a completed research project in the
area of learning curves which is considered as appropriate to
this study since one of the basic elements in cost model work con-
siders the effects of learning on the costs,

PART VII contains a Bibliography of the current literature in
the general areas of the research that is being conducted as part

of this grant,



PART I - INTRODUCTION

The specific problem that is the basis for this grant and the
direction of the research that is being performed is that of
fitting functions to data in the generation of functional relations
which describe the cost of subsystems in spacecraft and the testing
of those functions to determine their credibility with the respect
to the model in which they are incorporated, Toward this end
there is presently three areas of research being conducted as part
of the grant, These three areas are discussed individually in
Parts II, III, and IV, If it is not obvious from considering each
of the areas individually, this section of the report is an effort
to tie these parts into a integrated approach to the problem.

In the research discussed in Part II, the research is directed
at the end result - the final model, the appropriate composition of
that model, and deriving the. functions which describe the re-
sponse to various levels of the variables, The second area of
research which supports this is the Part IV in that it is concern.-
ed with providing the functions which are used in the developments
in Part III, However, this part of the research is concerned
primarily with the attainment of consistency and statistical
credibility in subjective data which must necessarily be used due
to little or no data being available for use in deriving the
function, Therefore, Part 1V of the research will provide the
automated means whereby data will be collected and analyzed prior

to providing the functions required in Part II,
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There is still a futher backup effort that is an area of
research and is that discussed in Part III of the report, This
research essentially supports Part IV by developing the statisti-
cal and mathematical background for fitting functions to a set of
data points, This is in order to provide some statistical proper-
ties of the functions which are fitted to the collected data,

This is a more academic type of research but is necessary in order
to develop the basic theory which will permit the model develop-
ment to progress on a sounder statistical basis, Therefore, the
data obtained and analyzed in Part IV will eventually use the
methods of fitting functions in a constrained parameter space that
are developed in Part III of the research,

The general benefits that will accrue to the granting agency
will primarily come directly from Part II of the research, how-
ever it is strongly supported by that work which is being per-
formed in the other two areas of research, The work that is
described in Part V keeps the study group apprised of the current
problems in this research area and will permit the results of the
work performed under this grant to be directed more specifically
to current problems, rather than abstracted in some form which
must go through a transition phase prior to application to the
immediate problems in the cost model development area,

The work exemplified in Part VI and VII is a continuing effort
to provide backup, conduct investigations and provide information
in basic areas that can best be done by a university type of re-
search group. This will provide the support in depth that may be

used to integrate and understand thq range of the problems that

-
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have been treated previously. The applicability of independent
research in these basic areas is to assure full coverage of the
techniques and possible misapplications of techniques that are
introduced into the planning and cost model areas,

In summary it is felt that the simultaneous direction of
the research that is outlined and reported on in this document
is in agreement with the proposed research and in accordance
with the direction given by the granting agency, It is antici.
pated that this grant will provide some original approaches to
old problems in the cost modeling area and the use of cost models

in the planning approach,




PART 1II

This section of the report contains some to the general
philosophy of cost model development which has been discussed in-
formally with Long Range Planning personnel at NASA/MSC at various
times, The discussions of this section are generally based upon
other NASA work and some other applicable model building experience,
Some cost model evolution is traced in this report to permit the
model builder to apply the particular technique in the hierarchy
presented that best suits the amout of information that he has
available and the time limitation he may encounter, This does
not summarize completely the research that can be done in this
area as it is a continuing area for research and will be a contin-

uing part of the research grant task,



A PHILOSOPHY OF COST MODEL DEVELOPMENT

When in the course of long range planning, it becomes neces-
sary to develop a cost model there are still some methods which
have not been tested for the collection of data and formulation
of the model., This paper will be directed toward the discussion
of model formulation outside of the tired methods which attempt
to duplicate statistical rigor with two to five data points,

This paper presents some of the concepts which will be develope d
further during the course of this research grant,

A limited amount of historical data appears to be a recur-
ring problem or obastacle in the development of meaningful cost
models for futuristic type designs, This problem is not unique
to either cost models or spacecraft and it is encountered in plsn-
ning of development type or advanced technology in both cost,
time, reliability and performance areas, Therefore, the general
subject is one of the lack of data and its influence upon build-
ing mathematical models, The developments in this paper will
primarily be from the applied standpoint and should be easily
followed with a minimum amount of mathematics,

The primary application of this research appears to be in
the cost model area in the near future, specific reference will
be made where applicable to this type of work, Many of the con-
cepts which are being discussed below have been communicated to
the sponsors of this grant during verbal discussions at various
meetings, The basic idea is that the experts and the planners
in this field have information which is in a qualitative form at

present; however, if it were converted to a quantitative form,



it could provide the basic mechanism for the cost estimation
procedures which are now used, In addition it would provide the
added advantage, in that the numbers that are provided in the
estimation process could be reconstructed at some time in the
future to provide even more historical information for the model
building process and the error estimation process ag repeated
from time to time in the model building phase of cost models,

One of the basic ideas ig that there are cost dominating
variables generally contained in cost models, For example,
during World War II, sufficiently accurate cost models could be
produced through the analysis of the weight of the airplane,

This essentially meant that these planes were of the same general
technological level and this was an accurate predictor due to

the averaging out which took place through the total development
and production effort, However, spacecraft development and pro-
duction has some different aspects in that it is composed
primarily of a research and development type of effort and the
production runs can not be counted upon for the effects mentioned
above, 1t is also possible that the accounting and control
methods presently used monitor projects to the point that the
averaging that previously took place is eliminated,

However, due to the technologies that are encountered in
the various parts of the spacecraft, it becomes more obvious that
there are significant cost influences present in the cost other
than the weight, This becomes more obvious from the engineering

standpoint by a simple analysis of the composition of a subsystenm,




This is futher supported by the long list of causal variables
which were produced by the Booz-Allen study presently in progress,
Generally it is agreeded among those persons consulted in this
area that any one of the variables involved in the set of causal
variables could conceivably become a cost dominating influence
to the point that the single variable could be used as the single
independent variable in a cost equation, It is just as readily
agreeded that there is an interaction among variables which con-
tribute to the cost of a subsystem. However, this interaction
is controlled to some extent by the design constraints on the
variables,

Since this is a future planning type cost research project,
it is felt that it should not be limited by the conventions of
the past and that the idea of developing methods for handling
this type of model should be the primary point of consideration,
If we are to progress in this area some latitude must be taken,
some experimentation permitted and some setbacks suffered in
order to make incremental gains in this type of wmodel building,
Therefore, the following is anapproach to model building which
has been applied in a modified form in the area of rating of
aircraft by pilots with very good results, The major deviation
in this research is the extending of the concepts to account for
interaction and the utilization of subjectively determined data
in the development of the relationships, Part IV of this report
discusses the research being carried out in the area of the

collection, analysis and assimilation of these types of data, 1In



-4~

this section it will be assumed that a single estimate in the form
of a continuous function over the range of the variable involved
will be available to the model builder and will be accepted as
representing the function described by the model builder,

This procedure will normally be approached by the use of a
single function used to relate the response of the variable which
is the dependent variable of the model for the other independent
causal variables in the model, In this case the response will
be measured in terms of the cost of the subsystem or a larger
division of the vehicle being considered, The single variable
will be any one of the causal variables which is considered to
influence cost,

There is a common statistical procedure which has been used
on other occasions and may be used in this type of situation if
some estimate of the variance is available for each of the
predictors of the cost and if these are statistically independent
estimating functions for the cost of the subsystem, If this is
the case, these estimators may be combined by weighting them
inver sely proportional to their variances, This is a rather
common procedure in mathematical statistics in the derivation
of statistical models of physical processes; however, this has
not been commonly applied previously in cost models but is a
simple direct method of deriving a single cost equation with a
larger number of independent variables with a minimum of effort,
The statistical assumptions must be observed and the model build-

er should be aware of the implications if they are ignored, This
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technique was suggested approximately two years ago in another cost
model study1 and the statistical proof is presented by Graybill 2
It is assumed that some estimate of the variance associated with

a functional equation will be obtained in the data that is develop-
ed by the methods discussed in Part IV,

It is generally considered that this is an approximation
method at best and it is generally agreed that there is some
statistical interaction of the estimators in that they are not
independent and that they are functionally dependent, Therefore,
this method has become mature and it is possible to use this as
a base and to build the methodology for combining estimates
based upon the information that is available to the model builder,
This presents the problem of evaluating the physical interaction
as to what it means in terms of the cost and to develop some
method of evaluating the statistical interaction or assessing the
role of the physical interaction as it relates to the cost of the
subsystem, In this area, the research has produced some results
in describing the form of the interaction by a geometric model
for the cost interaction, The procedure will be first, to rank
the variables in the order of the most important from the stand-
point of influencing the cost of the subsystem, This is not
absolutely necessary in the early developments; however, the
reasons for this will become more apparent in the evaluation of
the interaction in later stages of the study. If one were to
rank weight as the single most important variable in the functional

relationship which describes the cost of the subsystem, it would




then be assumed that some range of values would be available on
all the other variables contained in the equation for that same
cost. Only in the instance of one of the other variables be-
coming cost dominant would it be necessary to recognize its func-
tion in the causal cost relationship, However, as it has been
pointed out in the above discussion, spacecraft are more sub-
secptible to minor variation in the parameters than are state-
of-the-art aircraft,

The next step in the procedure is to consider the next most
important variable from the standpoint of cost for consideration
as to its role in the functional equation, For the purposes of
this example, assume that this variable is the volume of the
spacecraft, This function is or may be some function of the
weight also, in that density may be used to define the dependent
relationship between the volume and the weight, however, the
expression for the cost contributed by the volume of the space-
craft should be costed an increment above that which is consider-
ed as being contributed by the weight., "Therefore, the volume
will provide the incremintal cost above that being accounted for
by the weight of the spacecraft, Now consider the problem associ-
ated with evaluating just this part of the model and how it
would work, First of all, it appears important to point out that
there are a number of levels of sophistication that could be
entered into at this point; however, the simplest method will be
discussed in an attempt to promote understanding and establish
the groundwork for more scphisticated methods which will be explain-

ed during the grant period,
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Assume that through the methods of Part IV it has been possi-
ble to determine the form of the cost to weight relationship as

shown in Figure 1 for a given type of subsystem. This would be

Cost

Weight
Figure 1, Cost as a function of the weight of a specific type

of subsystemn,

used if only a single variable were to be used in the cost esti-
mation relationship, The function illustrated represents the
cost of the subsystem not only as a function of weight, but it
will represent a certain nominal level of other variables that
describe the subsystem, In other words, this 1s not simply

the cost of a passive subsystem which only has weight, it has
volume, peice parts, operating pressure, velocity and all the
variables that can be used to describe it and which could
conceivably be cost related, It is assumed that the function
shown above also represents the cost of the functional interac-

tion (to be distinguished from statistical interaction) with all
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the other variables associated with the system, Now consider the
inclusion of another variable in the cost functional relationship,
This variable will be entered such that it complements the varia-
ble already included in the equation and does not duplicate the
costing function represented by the weight, This second variable
for the purposes of an example will be volume, Lets assume that

a function similar to that illustrated in Figure 1l can be deter-
mined for the volume of the subsystem, This presents the problem
of combining these two functions into a single cost estimating
fuction, Obviously, to describe interaction among two variables
it is necessary to use a three dimensional space to discuss the
interaction, If the trace of the cost response surface on the
cost -~ weight plane and the cost - volume plane is considered, one
would obtain the two independent predictor functions for their
respective cost dominant case, However, to be realistic, it
would be necessary to consider these to be inclusive of all the
other causal variables contained in the cost function represented
by the trace on the plane, 1In each case it would be considered
that the level of the other variable is a nonsignificant quantity
rather than having a value of zero, If the surface which repre-
sents the cost of a spacecraft of a given wieght and volume is
represented for all points in the three dimensional space, it re-
presents the relation among all three variables and the interaction
of the two variables is properly represented by the response sur-
face. It would be possible to generate this response surface by

using a brute force approach that would require the response of




-9

one variable to be estimated over its range for fixed incremental
values of the other variable over its range, This would be a
rather laborious process even for two variables, It is easily
seen that this would be a prohibitive method if the variables num-
bered three or four for a single relationship and each variable
had a nominal range,

In order to use the subjective data collection approach to
provide the desired information for the model construction it is
necessary to reduce the number of functions to be estimated by
the expert, This is the present status of the research in that
an iso-cost cutting plane is being used to determine the amount
of information that can be provided by a limited number of sub-
jectively determined functions, Essentially the procedure is
one of using the constant cost cutting plane to intersect the
surface of the cost response that is a function of two variables,
The trace of the surface on the cutting plane provides a starting
point for the development of methods for the collection of data,
This trace is bounded on each end by the cost dominant condition
of the corresponding variable, The methods that are being con-
sidered for generation of the traces on the cutting planes and
subsequently the entire response surface ayrebased upon the
sensitivity of cost to changes in one variable at various levels
of the other variable, The contribution of each variable to the
total cost may possibly be estimated in terms of correlation co-
efficients, This approach presently appears to reduce the amount
of data necessary by a significant amount; however, some of the

questions that need to be answered by the experts will require a
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good understanding of the mechanics of the technique being used,
The present effort is in simplifying the data collection for
obtaining estimates of the interaction.

It becomes obvious at this point that the other two research
areas outlined in this report are integrated within the problems
of the development of a cost model building philosophy. 1In
addition to the problem described above, there has been a geo-
metric model constructed for three variables and the corresponding
cost response, These are illustrated by the use of a tetrahedron
where three of the surfaces are the individual cost-variable rela-
tionships and the fourth surface contains iso-cost contours to
describe the cost response associated with the three variables,
The physical interaction is established by the relationship of
the individual functions which are represented by lines in three
dimensional space, Even though the geometric interpretation and
demonstration of this model is relatively simple to describe, the
mathematics involved in converting it to a cost model is a little
more difficult., As soon as this is accomplished, it will probably
provide the key to expanding to higher order interactions and
more complex models,

The research conducted thus far in the study has led to a
number of paths that are being explored simultaneously, These
include the study of a dimensionally based cost function which
could simplify the subjective data procedure, If this proves to
be a feasible approach, the work being done in the fitting of func-

tions in a constrained parameter space will permit progress at a
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rapid rate. The use of partial derivatives is also being con-
sidered in simplifying the model construction, The use of

partial correlation coefficients in the derivation of the responses
was mentioned briefly above, the specific problem is obtaining
good subjective estimates of those values, The overall plan is

to develop a modeling procedure that will provide additive ele-
ments which represent each new variable that contributes to the
cost, In order to do this efficiently, the model will probably
contain a number of delta functions which will introduce various
elements of the overall relationship as a function of the level

of the respective variables,

1, Launch Vehicle Systems Cost Model , FZM - 4070, Progress
Report 2, 27 February, 1964, General Dynamics / Fort
Worth,

2. Graybill, F, A,, An Introduction to Linear Statistical
Models, McGraw-HiTI, New York, 1961, page 409,




PART III

The research outlined in this section of the report is direct-
ed toward the estimation of the parameters of a mathematical model
representation of some process where the parameters themselves
are constrained, The assumptions associated with the form of
the model are very general and are directed specifically to the-
type of problems being encountered in the construction of cost
models, This research is an effort to extend the theoretical
work that should be offered in support of model development and
the estimation of parameters, Much of the preliminary research
has been acomplished as indicated by the statement of the pro-
blem and in the bibliography which is contained in PART VII, The
general approach and the tools for the solution of the problem
have been hypothesized and presently the stage of the investiga-
tion is the formulation of the fitting problem as a programming
problem, The next area of research will be oriented more -
specifically to the statistical properties of the estimators of
the parameters,

The information contained in this section is necessarily
limited, due to the fact that the total development of the solu-
tion is not available at this time and any report on the direc-
tion of the present investigation would be premature and might
necessarily be refuted at some later report date; however, this

section presents the general approach and the problem definition.



ESTIMATION OF PARAMETERS WITH CONSTRAINTS FOR MODELS WHICH

ARE NONLINEAR IN THE PARAMETERS

The general objectives of this research are as follows: (1)
To estimate the parameter vector © in the function y = £(X, 9),
where X = (xl,xz,...,xp) is the vector of observable variables,

e = (él,ez,...,ek) is a vector of fixed but unknown parameters,
y is observable, (depending on X), f is non-linear in the para-
meters ©;, and © is constrained to a certain region of Ek
(k-dimensional Euclidean Space), (2) To determine the statisti-
cal properties of 6’(the estimator for ©) with a view to deter-
mining‘@ so that it bhas various properties that are ''good" in a
statistical sense, such as unbiasedness, minimum mean-square
error and consistency, Both '"large sample" and '"small sample"
properties of ® will be investigated, with the emphasis on the
"small sample" case-i,e,-what one does when a minimum of data is
available, (3) To establish condidence regions for ©,

It is anticipated, in veiw of the results obtained by apply-
ing linear programming procedures to linear problems of this
type, that the general field of mathematical programming may yield
a solution of the non-linear problem, Convex programming will be
of particular interest since it is expected that most of the con-
straints will be convex, and also that least squares estimation
(which involves a convex function) will be utilized,

Various results from response surface methodology will be
studied (since the least squares problem may be approached as a
response surface problem) with the hope that an estension of some
of these methods will throw light on the problem of what to do

about the constraints,




Minimum absolute deviation (rather than least squares) will
also be investigated as a possible criterion for "best fit",

Various modes of attack on the problem were discussed above,
However, since this is an unsolved problem in general, it is not
known which, if any, of these methods will yield a solution, It
may be conjectured, on the basis of experience, that a "marriage"
of response surface and mathematical programming techniques will
yield at least a numerical solution for certain classes of con-
strained non-linear problems, It may also be assumed that no
single technique will be "optimum" for gll constrained non-linear
problens,

A simple function of the type that will be under study is
y = f(X,;l,é2,93,94) = 91e°2x + e3e94x.

If (1) the parameters are unconstrained, if (2) the X's are
equally spaced, and if (3) the number of data points are exactly
4, a "fit" for this equation is known (which may or may not be
"best"),

However, if either (1), (2), or (3) does not hold, a solu-
tion to estimating the parameters (91,92,93,94) in some "optimum"
fashion is not readily available,

It is apparent that work in the area of non-linear estima-
tion is needed, since no solution is now available for even
this simple problem.,

It is anticipated that the complete answer to the questions

raised in the above Will be obtained as a result of this research,

- - -t
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1f, however, only some of thew are answered, a large addition to
the existing knowledge about estimation under uncertainty will
have been made, The theory of linear estimation is well
established at present, representing years of work by hundreds
of investigators, Non-linear estimation has been relatively
ignored, not so much because of a lack of application as because
of the difficulty of the problem, Perhaps it can be shown that
the problem is not unsolvable; needing only a fresh approach to

spur renewed interest in it,



PARTIV

This section reports on one : concept presently under develop-
ment that will provide for the collection, assimilation and
analysis of subjectively determined data in the construction and
formulation of mathematical models, This will consider the
statistical aspects, which include the bias, consistency, statis-
tics of extremes and convergence for these types of data, This
area of research has been designated in a effort to extend model
building capability beyond the limitations frequently encountered
due to the lack of historical data, An integral part of the
study will be to develop methods for sampling subjective data,
fitting prescribed functional forms and providing for an adaptive

respounge in the model to the addition of actual data,



UTILIZATION OF SUBJECTIVELY DETERMINED DATA IN THE FORMULATION
OF MATHEMATICAL MODELS

Model building that is designed to assist in futuristic type
event descriptions often encounters a very serious limitation
in terms of the approach that is generally considered the appro-
priate method of developing the mathematical forms that are in-
cluded within the model structure, It is generally expected that
the model developments will be based upon a form of fitting some
type of mathematical function to existing data, The method will
then generally use selected data points to check the capability
of the mathematical function as a descriptor of the process that
is being modeled, Estimates of the error or the variance of the
estimators can then be obtained from the existing data in an
unbiased manner, It is also well established by statisticians
that the relationships derived are only applicable over the range
of the variables that were used in the derivation of the relation-
ship, There are two major problems which eminate from this type
of philosophy in mathematical model development, they are: (1)
in the spacecraft area there is very little historical data
available on which to base the cost of future vehicles to be
used in space exploration due to the technological changes that
are being experienced in spacecraft development and the variance
of the subsystems themselves; and (2) in plamning for develop-
ment type efforts there is generally an extrapolation beyond the
range of present historical data in which case the applicability
of the fitted function is questionable, this is especially true
if there is a change in the technology required or as the vari-

ables involved in the function increase, These two restrictions
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have caused a great deal of distortioﬁ of stagistiééi techniques
and cause the approaches to development of models to be less than
credible, Therefore, it is felt that it is reasonable to explore
a more appealing and rational approach to the be uged in obtaining
information for use in the models that are being used for manage-
ment and planning decisions of futuristic process that differs
significantly from the past experience,

One of the primary reasons for the development and use of
models in management decision making is due to the dimensionality
of the problem involved and the mind has trouble comprehending
all influences of various decisions or aspects of the problem,
Therefore, if a subjective approach is to be used in the develop-
ment of mathematical models through regular means, it is generally
necessary to isolate each of the contributing factors and then to
combine them is some logical fashion such that in their combined
form they tend to represent the process which is being modeled,
In any type of data collection process, it becomes the job of the
model builder to collect that data which is required in order to
isolate these main effects and their interaction such that the
model can be constructed of basic elements which are aVailable
to the model user, and which can be used to input the information
required by the model, The inputs required along with the model
structure which employs the mathematical relationship constitutes

the total job of the model builder,
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It is relatively easy to obtain subjective opinion ; however,
the problem is the agreement among several subjective opinions
and the systematic processing of that data to obtain meaningful
results from such data, With this type of requirement, it is
then necessary to determine the best methods and the use of those
data which may be obtained through the use of expert opinion,
Since the expert can only consider a limited number of factors
at a single time, it is necessary to develop techniques which
will be capable of taking estimates of a limited number of factors
at a single time and through the collection of a number of
estimates, combine these estimates in such a fashion that they
represent the total process for which the model is being built

This approach of using subjectively determined data will
explore the collection of subjective data and the proper method
for combining that data in a model formulation. This latter
area of combining the various factors will be applicable to the
normal methods of formulation, because in Part II it was indicated
that the interaction is a weak area of the present mathematical
model building techniques, Therefore, it will be necessary to
formulate methods for determining the degree and direction of the
interaction from the standpoint of the response of the model,

The techniqures that are developed in this research will be
applicable to model building in general, but will be applied in
the cost model area as the data becomes available, The general
approach will be to develop questionnaires which relate to the
particular area being studied and the factors which are felt to

affect that area, It is anticipated in the cost area' that all

A
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the pertinent variables have been defined by the other contracted
cost work that is being done for NASA/MSC, and that the experience
gained in these studies will contribute to the initial task of
questionnaire development for collection of the data, Based upon
previous experience in this area it is expected that the collec-
tion of this type of data and its analysis will be facilitated by
the development of a computer program to assist in the statistical
analysis and the computation of functional relationships. Some of
the ideas advanced in Part II of this report will be used in the
actual formulation of this model; however, the concepts developed
through this research will help in collection of the necessary
information for persuing the research as outlined above,

There is some indication that methods similar to that pro-
posed in this section have been tried elsewhere, however, in those
cases where they have been applied, it appears that certain
statistical procedures could have improved the analysis, It is
assumed that the attitude in this case has been one of, since it
is a guess anyway, why bother with any degree of statistical rigor.
However, ipsome grevious work which cannot be quoted in this
report, it was shown that statistical test of the multiple range
type indicated an inability to distinguish between some questions
which were directed toward assessing a subjective value, Upon
brief interrogation of a sample of respondents to this particular

questionnaire, this observation was confirmed; however, the results
of the survey were published in their original form without using

the statistical tests as pertinent information,



-5

In summary, this part of the sponsored research is expected
to result in the development of a general computer model which
can be used in the collection, testing and utilization of sub-
jectively determined data up through the first order interaction
effects, If the research progresses smoothly, the development
of the means for collection of higher order interaction informa-
tion will be approached, The level of sophistication will be
primarily a function of turnaround time which is provided by the
experts contributing to this study, This model will take into
consideration the full range of consistency, and the statistical
aspects of the techniques applied to those data which are quanti-
fied as a result of this procedure, Presently a demonstration
cost model which uses subjectively determined data is being placed
on the computer system at Texas A&M preliminary to experimentation

which is required in this developmental effort,
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This section of the progress report represents the informal
consultation that is provided as a part of the cost research
grant, The memoranda which are contained in this section are
more than records of the meetings and should be reviewed for
their technical content as it relates to the specific topic be-

ing considered by the individual memo,



To: NASA/MSC/LRP

From: Texas A&M/Industrial Engineering Department

Subject: Review of Manmed Spacecraft Cost Analysis Program, Second Oral Briefing
and Progress Report, September 28, 1965 at MSC Houston, Texas

This progress report prnsettation was attended as part of the service provided
by the Texas A&M Research Foundation under NASA research grant NGR 44-001-027.

This memo is provided as a general critique of the presentation and is in lieu of
extended participation in the general discussion which followed the presentation.

The A&M position is one in which to be of the most benefit to NASA and MSC
it must be aware of the actual progress being made in the related cost studies,
Therefore, based upon this presentation, it is necessary that a number of pointed
questions be asked in order to coordinate the research effort at Texas A&M and the
contracted work being performed for MSC.

Since the oral presentation was closely parallel to the documentation contained
in the brochure, this critique will be related to specific points within the
brochure, rather than rely on recall of specific oral statements.

Page 2 Para, 2. How do the second and third objectives differ from what has
already been determined by other cost studies contracted by NASA? (General Dynamics/
Fort Worth ; Lockheed, Burbank; Lockheed, Sunnyvale ; Rand).

Page 2 Para. 3. Can Mercury data be used as a check point by summing up the
detailed costs of other programs to correspond to the level available in the
Mercury data?

Page 2 Para 4. Later in this report, reference is made to the use of
engineering judgement and weight is contained in the list of technical variables
being considered for the CER's,

Page 4 Para 1. Are the present cost category dafinitions at a meaningful
level for obtaining costs? That is, have they been successful in breaking out

costs accurately into each of the ccst categories defined and are they meaningful
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from the standpoint of being easily identified.

Page & Pare 2., Siuce this iz the wid tern repori, it would be Lrnzficial to
vhe A&M cost research grant, if some of the methodology that they are developing
were used on the data availctle in order to illustrate the problems and permit us
to offer some guidance in the selaction of techniques.

Page 12 Para 3. How are varicbies and combinations being tested?

Page 14 Para 1, Is the evaluation of intaractions a suggestion or a statement
of achievement, if so how is it acccixpplished and how is the state of the art
judged? (Refer back to comment on ¥:ge 2 Paragraph &4.)

Page 18 Para 2. This paragraph tends to indicate that time dependency of
various costs relative to other costvs are being considered as part of this study.,

Page 20 Para 3. Wasn't part cf the study tc provide a comsistent breakdown
of the costz, if only collection of data were required that would probably have
already been accomplished?

Page 22 Para 4. How do they test the fit of the curve in the Work Flow Chart?
Isn't it simply a matter of picking a curve?

Page 24. Aremly linear progress fuuctions available? Has learning been
significant on any spaczcraft prcgraas? What has this work contributed? Where
are production rate effects rz2flected?

Page 26 Para 3. Can the definition of "first" be based on similarity of
production methods without considercztion of time between units of production.

Page 36 Para 3, Will tha total techanical antlysi: be documented in order
that individual CERs may be “vuced back through the analysis and reviewed for
possible change? What are some cf ihe criteric for z varicihle to be included in

the analysis?
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Page 40, Are the plotc ~hown on 2 linmear scale? Why weren't all the data
poiats listed on Tage 2Y showu ou Poez 417

Page 42, If the statements of this nage are taken literally by assuming 10
different variables and oniy 4 trial exponent values, then the number of trials
would be }égé Ad4E = 323,208 trials for developing each CER, In an approach
of this type why would n2gztive =xponerts bz usad?

Page 48. What is recownzndad on this rz2ge that a good PERT-Cost program
wouldn't provide?

General Comments: A numnber cf£ times TPE procedures they have developed for
the derivation of CERs were referrad to. It would be helpful if these were known
in order that the work being pursu=d at Texas A&M might be used to an advantage.

It is difficult to imagire that they are able to ''massage' the data and keep
everything on a proprietary basis., This cry has been used in the past to camou-
flage the lack of data or progress in the use of data. Therefore, it is strongly
recommended that thorough documentation of all raw data and subsequent alterations
of that data be required in order that revision and refinement of the cost work
can be carried on after the current contracts end.

In the selection of technical wariables, it was not obvious that various
technical constraints were being considered in deriving the CERs,

Tn conclusion, what is really planned to ascertain the merits of the CER's
derived?

This review of the presentationr is part sf the work bzing performed for

NASA/MSC/LRP by Texas A&M undler research grant UGR 44-001-027,




To: Long Range Planning Office/Manned Spacecraft Center/NASA

From: Industrial Engineering Department, Texas A& University

Subject: Logical and Mathematical Checkout of Cost Estimating Relationships
Reference:0October 19 meeting at Texas A&M

Attendees: Don Wagnor, Aubin Ferguéon, Ron Konkel of LRP/MSC/NASA; A, W. Wortham
and G, D, Self of Texas AM,

The general purpose of this meeting was to discuss the procedures necessary
for a curébry examination of cost estimating relationships. The suggestions
contained within this report are directed toward using some simple mathematical
procedures to assist in the checkout of the range of the variables contained in
the CER s on a logical basis.

Since specific examples of the CER s were not available for trial computatic.
and demonstration of the methods discussed, it will be assumed that the CER s
will be similar to those developed in the Launch Vehicle Cost Model, An example
of one of those equations is as follows:

0.055 0,0302 1,50
y = 0,226x X9 (100x3) A)

The adjustment factors for future use were unspecified and consequently were

deleted.

Cost of production on liquid air frames were presented as:
0.055 .302 1.50
y = 0,226 x4 X, (100x3) . - @B)

By taking the partial derivatives of cost with respect to each variable one

obtains

-0,945 0,302 1.50
X, (100x3) (2)

i

0.226(0.055)x1

-0.698 0,055 1.50
= 0,226(0.302)x9 X1 (100x3) 3)

f
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_%ig ) 0.226(150)X30.50x10.055x20.302 4)
The definition and range of these variables are as follow: (B)
X, stage dry weight 3500 to 75000 1bs,
x, stage volume 2200 to 70000 ft.3
%3 stage mass fraction 0.89 to 0,95

These partial derivatives represent the slope of the tangent for the variable
which the derivative was taken with respect to and fixed values of the other
two variables, or it represents the rate of change of the cost with respect to
the differentiated variable.

Examining (2) it can be seen that a change in x] has almost no effect on

the rate at which the cost changes; therefore, an initial selection of the range

on X1 could be 3,000 = x1%£ 100,000. Since this interpretation of the slope of

the line contained in the Xy ¥ plane is dependent upon the values of x;.and

X3, their ranges should be evaluated. By inspection of x3 first, since the
theoretical limit is less than 1,0, one could assume a maximum value of (IOOX3)1-5

as 1,000 which does not change dy significantly since the maximum value of
-O. 945 dx1

(0.055)x1 at the lower bound of Xy = 3000 1s 0,000028 and at the upper

bound of x3 = 100,000 it is equal to 0,00009, The minimum value of the term

]

1
(100x3) would be approximately 800, Therefore, it is possible to look only

at the range of values for x,. If xj were 100,000, x2'302 would only be 32.36

and _dy is approximately .21 which would be significantly different from zero
dxy

if it were possible from an engineering standpoint. An engineering analysis

weuld permit one to specify a minimum density (1bs/ft.3) of say 0.2 in which
case dy = .03 as a maximum value for the range shown above with the constraint
dxl
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of density p» 0.2, This would indicate that vehicles with low densities, i.e.
high volume to weight ratios would expect the cost to be affected more by the
weight variable than those vehicles which make up the historical data. (All
vehicles had #/ft.3 >1,0,)

This evaluation process should be carried out for each of the other partial
derivatives and a logical evaluation of the range of variables performed. It is
suggested that the range of variables from the previous evaluation be used for
each successive evaluation, This will automatically provide the final set of
bounds for each of the variables involved when the last partial derivative has
been evaluated.

With the partial derivatives, the total differential can be formed to obtain
an expression of the slope of a hyperplane that is tangent to a hypersurface and
represents the rate of change of the cost for corresponding changes in the

variables or:

dy = dy dxq' + by dxy + gy dxg'
dxy dxo dx3

From this the variance of the cost can be shown to be

y2 = A 2,('.X~€+ 4y 2 5 K2+ gy 2 -
dx; “ dx, 2 dx4

X32

This relationship can then be used to evaluate the seriousness of an error in the
CER, by testing the possible variation at each bound, These computations appear
tedious from the above; however, these could be programmed for computer solution
after the partial derivatives had been computed. By selecting the initial range

of the variables at the desired level and using the above procedure, the best

meaningful range of variables will be selected. In addition to the recommendations
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outlined above as a simple check on CER s, it is also suggested that each CER
be accompanied by a simple correlation matrix which will reflect the normal
contribution or physical interaction of one variable with another as it relates
to cost, This could be placed in the form of an array which would not be
symmetric. If the creation of such an array does not automatically bring about
a ranking of the variables involved, it is requested that such a ranking be
performed, This is to rank the most important cost variable first and so on untii
all variables have been ranked within a CER, It should be pointed out that under
abnormal conditions any of the lesser variables of this ranking could become a
cost dominating influence.

The above is a short term approach to the checkout of existing CER s. As
vart of this research grant work, a report on the methodology of development

will be presented,
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SUMMARY

The above discussion is summarized in outline form below for each CER,
1. Form all partial derivatives
2, Program computer for evaluation

3. Compute values of the partial derivative and select range where be-
havior ig logical based on varying one variable at a time

4, Select bounds for all variables in CER

5. Form the total differential.

6, Form the variance relation

7. Evaluate the variance relation at each bound

8. Form a simple correlation matrix for CER variables.

9. Rank variables in CER
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(A) Launch Vehicle Systems Cost Model, Volume II, FZM~4154, 15 June 1964,
General Dynamics/Fort Worth
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Launch Vehicle Systems Cost Model, Progress Report 2, FZM-4070,
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To: Dr, A, W, Wortham

From: G, D, Self

Subject: Booz:Allen Applied Research Approach to Cost Estimating
Relationship Development

Reference: Trip to MSC for work session on November 3, 1965,

Attendees: Messieurs Briggs, Mandell, Wagner, Ferguson, Hannaford,

and Konkel of MSC; Locke and Clancy of Booz-Allen;

Brents of GD/FW; and Self of Texas A%M,

The general purpose of this meeting was to discuss the specific
approach that Booz:Allen has developed for use in the estimation of
the parameters associated with the cost estimation relationships
(CER s)., Mr. Clancy was in charge of the discussion and had a few
hand drawn charts to indicate the sequence of steps used to select
the variables and the selection of the constants to be used in
association with those variables which are combined to form the cost
estimating relationship,

Their approach to the selection of variables as an exhaustive
set of 'causal' variables appeared reasonable from an engineering
standpoint and represented a relatively good start. Causal is used
here as opposed to concomitant in that it is assumed that the varia:
ble has some functional or direct relationship to the cost of the
system involved. In an effort to determine variables which repre;
sented the cost of the system over its entire life cycle, there were
four general areas selected which were assumed to represent the
major contributions to cost, These were combined with the thirteen
subsystems to provide a cross-classification of the various blocks

of costs that should be logically accounted for in the CER s, This

seemed to form a reasonable base for the definition of variables,
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The next major area of endeavor for the derivation of CER s
was the determination of functional dependency among the variables
of a specific system and the deletion of variables from considera.
tion, This attempt was made in order to bring the number of
parameters to be estimated to within the limitations placed upon
the parameter estimation process by the data available, In perform-
ing this operation, two things of importance were noted; (1) it
provided a graphical method for determining whether the combination
of variables into a single variable was applicable for the case
being considered, and (2) it tended to counteract some of the
original intent of the cross-classification scheme for the selec-
tion of the variables, These two points will not be elaborated
upon at this time since later in this report there are some obser-
vations which supersede any remarks that would be made here,

Assuming that the deletion and combination of variables pro-
vides the variables to be considered for the CER, the next step is
to use a limited search of suitable exponents for those variables to
be used in a product form for the CER, This method assumes that ihe
CER will be of the form y = fﬁi;;%. Their method uses the computer
to provide an output which forms all combinations of 1/2,1, and 2
as the exponents of the variables in the CER which was used to
compute the costs for all the historical data points available, The
computer results are manually examined to pick the 'best' set of
exponents for the CER, This is repeated with various sets of vari-
ables until the best combination of variables and exponents are
found, After this is accomplished, the actual data are used with

the selected variables and the resultant set of simultaneous equa-
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tions are solved to obtain the new exponents for the CER, 1In each
case the number of variables, the number of parameters to be esti-
mated, and the number of exponents were numerically equivalent,

The approach outlipned above was presented for those cases which
had three data points or more, There was not a specific set of
procedures set forth for those cases with less data, Booz-Allen in-
dicated some interest in the method of combining two independent
estimates, This information was provided along with a short explan-
ation of the combination of independent estimates weighted inversely
proportional to their variances, The problem of the limited data
case still exists under this procedure, due to the estimates of the
variance of the independent predictors which must be available and
serve as the basis for combining the estimates,

At this point, the meeting turned to the subject of what is be-
ing done at Texas A&M and how will it help in the methods for the
development of the CER s, A short oral presentation of the research
being conducted as part of the cost research grant was made, It was
generally agreeded that Booz-Allen would need more short term
methods in order to accomplish their objectives within the time
limitation of their contract, The suggestions relative to "Logical
and Mathematical Checkout of Cost Estimating Relationships" were
reiterated with particular emphasis given to the ranking and the
estimation of the correlation coefficients among variables,

In general it was concluded that the methods discussed by Booz-
Allen could be accomplished much quicker by a weighted regression
analysis, For the single data point case, it is anticipated that
Booz ~ Allen will devise a method for obtaining a CER and report on it

at a later date,
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The material contained in this section of the report repre-
sents a logical discussion of the completed work of one of the
members of the research group that is working on this grant,

The subject in this study is the learning curve and the discus-
sions are in terms of the classical appro&ch to the learning
curve with some excellent examples of its application in costing
and decision making, There is one point that is touched upon
and which appears to be a relatively important with respect to
NASA projects., This is the influence of unions and management
directives upon the learning that is observed in development type
projects, It should be noted that these influences could possi-
bly reduce or camouflage thelearning., However, this learning

is continually being advertised as taking place in the space
program in spite of the level of development effort that is be-
ing carried on, The reports in the cost contract areas contin-
ues to support the hypothesis that the learning exists, in
which case the material presented in this section is timely and
should provide background information in the assessment of the
mistakes that could be made in improperly applying the use of
learning curves to various costing situations.

This section of the report represents some of the concept
that is being used in the research grant in that from time to
time during the course of this grant one of the current topics
that is observed in the MSC work will be abstracted and dealt
with academically in order to provide the background information

that should accompany that topic,




THE LEARNING CURVE
By

Grady L. Haynes

The problem of forecasting of manpower requirements, time of produc-
tion, cost per unit produced, etc., i.e., the basic parameters of industrial
production, has troubled management since the introduction of modern assembly
line techniques. The predictions have usually been based on personal judg-
ments and subjective probabilities by the upper echelons of management, and
have involved much time and effort.

The learning curve, often called the improvement curve, a new con-
cept which arose from the aircraft industry during World War II, has proven
to be a valuable tool in the solution of forecasting problems. The learning
curve concept relies on the proven fact that a worker learns as he works;
and the more the operation is repeated, the more efficient the worker be-
comes, with the result that the direct labor input which he contributes to
each unit declines. The rate at which his skill develops, often referred

'is fairly constant throughout, no matter

to as his "percentage of learning,'
how many units a worker may produce and, as we shall see, this makes possible
the prediction of the total labor input for a specified number of units [1].
Probably the first notice of this '"learning" took place in the Con-
solidated-Vultee Aircraft Corporation, San Diego, California. The company
noticed that it took roughly ten times as long to complete the first two
planes as it did the last two planes in a production order of 1,000 planes.
Part of this decreased time was credited to improved jigs and fixtures and

conveyors as the new job got under way. But much of it was due to an ac-

quired drilling and riveting skill which comes not only with eye-hand



. coordination but with museleconditioning. An interesting illustration
of this phenomenon took place during the early part of the war,
There was considerable variation in drilling time

between hand (electric) drillers in a large alrplane

factory — the variation being greater than 100% from

the fastest time to the slowest. An examination of drill

points proved they were all in good condition. But it

was found that the electric drills themselves ranged in

speed from 2000 rpm to 4500 rpm. This surely was the

answer. But was it? The man with the lowest time had

the slowest drill and the operator who took the longest

time had the fastest drill! Further investigation dis-

closed the foreman was an experienced operator who really

"leaned" on his drill, whereas the latter, a new operator,

merely steadied his drill [5].

The aircraft industry had also noticed that decreases in produc-
tion times occurred with increases in numbers of units produced from their
cost of production figures. Since the cost of an airframe is much higher
than most mass—-produced articles, any change in unit cost was easily seen.
This decline meant not only lower production costs on a unit basis, but
also lower production times, which was most welcome to a production-conscious-
wartime aircraft industry.

The process was noticed to repeat itself. Whenever a new type of
airframe was introduced, the direct labor input per unit soared for the
first few units, then would settle down into a gradually downward sloping
curve. The curve was always very accurately predictable, and after the
spread of the use of the curve from Consolidated-Vultee to the other air-
craft manufacturers, the companies began to use the curves on a regular
basis for cost and labor predictions [1].

The original work on learning curves was done by E. K. Yost, at
the time an employee of Consolidated-Vultee Aircraft Corporation. The

. remarkable results achieved by Consolidated-Vultee drew the attention of

the Army Air Force and the Navy Bureau of Aeronautics, and from these



agencies the use of learning curves spread to other aircraft manufacturers.
The concept was somewhat confined to the aircraft industry until after

the war, when its use was made avallable to all industry through publica-
tions of the men originally responsible for its development [2].

The savings in direct labor input between certain levels of pro-
duction were always in the same easily predicted proportion. It was found
that the fourth unit required about 807 of the labor of the second, the
tenth about 80% of the fifth, and the 2,000 about 80% of the 1,000T".
This led to the description of the curve as being an "80% learning curve,"
one which has found acceptance in nearly all forms of production.

There are three formulas which make possible the prediction of
(1) cumulative average man hours for any number of units, (2) unit man
hours for a specific unit, and (3) total man hours required to build

a predetermined number of units. These formulas are:

(L Y= KXN, where

Y = cumulative average man hours for any number of units;
K = number of man hours to build first unit;

X = any number of completed units;

N = 2¢n (% of learning curve) # 2&n2.

(2) U= (N+ 1)KX", where:
U = unit man hours for a specific unit, and all other
symbols the same as in Formula (1).
(3) T= KXN+1, where:
T = total man hours required to build a predetermined

number of units and all other symbols the same

as in Formula (1) [1].



The three curves produced are shown in Figures (1), (2), and (3). The
first is plotted on paper of arithmetic scale, the second on semilog .
paper, and the third on log-log paper. The arithmetically-scaled curves
show more dramatically the changes in these three measures of production
as the number of units produced increases.

Based upon continuous repetition without change in product or
method of assembly, the learning curve tends to be very smooth. In ac-
tual practice, learning curves are usually erratic. This results from
factors outside of actual learning such as working conditions and even
the personalities of the workers themselves. New methods introduced to
the assembly line cause great jumps in the curve, which are usually fol-
lowed by a resumption by the curve of its normal downward slope [4].

The type of work involved also plays a part in the graph. The
normal percentage of learning for manual labor assembly line production
is in the 75% — 80% range, with this percentage increasing as the amount
of mechanical aid to the worker increases [4]. While empirical data
seems to substantiate this change in percentages, some claim that it is
not the machine but the worker who learns, and thus there should be no
change [3]. However, the figures most widely used are 80% and 90%
for nonmechanized and mechanized labor, respectively.

There are many possible uses for the learning curve concept
and also many misuses. One of the popular methods of forecasting the
labor per unit produced at some future point in production is to wait
until a certain number have been produced, then take the unit time of
the last unit produced and connect the coordinate of this point with the

coordinate of the first unit produced, and use an extension of this line



Fig. 1

300

200
UNITS PRODUCED

100

-
> 8
o3 54
Ly = G [o IR}
| e, s + o
O] n;.._..\a.LW [ 1=
w Wil i =
~\FU¢ P &|n
Q 21 % 10 §.
SIS E
[ RS 1..%.;.»
ORI = Ui
Aﬂ- D13 9 o
a».wh a3 ). * LW
) V¥ 14 )
ol L fefr % 4 P
[ |& = ) 4
] P o8 © il
ol 5 by g n £
Sl o) 1 pm . 1
{4 3 [:2)
o] @# ™ m ma+ I
1 Barlyy Bl
U ™ [
.l g
b4 >._vv .r U h
SLO{3 ¢ £10]10 S
0 R\ Iw.l wl,m f_m.w
# } 4 H# ¥ H ré
Y = 2 HN
[
{ I
I [
5 =
T I
: I
/
/
/
y
f
/
/
y
/.
p 4
A 4
4
| ot
-
o Q o
m [+ m [ ]
AHKGEOH H<MOm HZMDER

‘v S ‘N Ni 3avw
‘03 N389Z43)Q 3N38N3

HONI 83d Ot X Ot
H3dvd Hdva NIDZLIIA OL-NOPE ON




Fig. la

| 1 -
\ 1 a3 N 1
_ 1 | IO o e _ 41 | |
N ffmw BRIk m; L -
- o] P mvnllﬁ
1 O - — D +d-H . -
A\ (W H g
A K Ml w ] [ )
L o m R RE B
. _ 19k - ERE
/r/ 1 ﬁ Rl 4y wu\ﬂ AR 1
SIERRR<IEN
N a g 58 -
N8 CLARR:a Bt
B g S -GRetg-
| - P A
NG hAn? 4 A uo
| - . b
N SRNNE NN RO 15 NS G
N BRI EG 8 Js - L]
3 | NERERD
/ oy O Qg v
A\ o ) 4 | P _
NC a 579 3HTd O
h N BRI l;_ 1
) 4 - o
s le]
g > N
N
AY/ T
N
/,
N
N -
.
.
AN
/,
///
N 8
N Tal
-
N
N
Ty
! M
T A J
e { | —t g
41
Tl
o o] o} o o
o o o o o]
o mCUMULATIVE _mDIRECT H<mMOoOpm HEMDH m 2
0 : -
~

YOG TIN5 3avm . HIONJ 8334 Q1 X O1
OO NZ922131Q 3N3aNI U3dVWZ HISVYHDO NIDZLIIA OL-A0YE "ON

.

1000
T

UNITS PRODUCED




T 10T L EIRRRRRRNERANAN T T
il ; + T aua / T By
1L 4% [ )
LT 1 TTHTTHT T 4y
H S 2 1
- ey F1 194 -
STt mn o 1 u) 441 1% 4 t 1= - T -1 H— - i - |v:nlwi p——
t e o A4t At —1— F. . SIE e SRS SR & RS A\Jﬁ 1 -1+ -4 Y PR —1— et i e
i 1 uiimdinitsiestataithnnna i naninn T - N1 _ ifmw l|
3 i (s
. ST iy A3
i T FTl Tr A G
'] - SIANSRRARE VR a o [ _ P SO P.\ D)
§ L By g 10 14 ' L
! [ I elldlp ﬁf ShEY s iy i
o Ny T BRI n\ ]
I NERARRRENREE T8 T =T : {
t B L s e L 5 1 1 /
Ll taBisgias w? ) L4l
i B SRR (] eaiing EEEEEN Pt [/
T i SIRETI RN IRS / /
, CANRRRE SERT 31 [ i/
144 trrgt 2 3D e e Ak o ot S R B S N
Py T s
AR
[ r N.h. Ju, Suag=l (L1 i
i 5  SIN + /
H,l SIRESIR S ﬁ, mwy. ;.J.,n, jo \ I
rt LA L Lok 3 xlw.l M i \
i i 1HRE i
HIT] 11 / o
i = ¥ PR B m

1=

100

N

- ! \\
T
¢ 1 7
] i \\\
T T
1 ! ! P

) 11T ! A L
T ! » -1

il BIRRRE 1 L+
] i INREH 1 ] LT

il t i | s LT

! T IR sl 11 ll..H._l.,llll.lll
munnnnmiin

50

< [y] .wm
- ‘ AHMMROEH A<4MOomMm HEZMDH

. . . HIONI 83d SNDISIAIG Ot X 313A3 1
i ¥ R 1 M 30K !

SINHLIZVYOIO1-IN3S
‘O3 NIBTLIIQ INIOND U3dvd HdWV¥E N3IGZL1Iia Qti-dNOove

"aN

10

UNITS PRODUCED



]

' P
TN MNETT LFI A

100

200

200

UNITS PRODUCID

100




SRV PRV SV A

4] 1 L

=5 43

s 6 7 8X00

UNITS PRODUCED

5 6 7 8 ol



Fig. 3a

iy

frovessandl

oo
!

!

44

rperfiaeghee

t

foie

i

IR

i

e

vid el s

flipsparensenn

|

cphadend o

Lol i o]

ey

Gl

T

b

IS PR PYST I

t

i

My

SN
g

-

11

i

i
bt

I

2o
i

il

H

i R

s

vt

jrhesas

Fosiaind

[N

it
o

o
i

te
hn

silon

'

A

egy .}

F,
B

UNITS PRODUCED




for future predictions. The danger here is choosing the points before
the actual curve has had a chance to settle down to its normal downward
slope. This can lead to exceedingly low predictions.

Many manufacturers have fallen into the trap of neglecting to
include the direct labor input of units which are purchased from an
outside supplier. For instance, a worker who uncrates an aircraft power-
plant and installs it in an airframe may himself contribute eight hours
of labor input, but on a curve of total labor input for the aircraft
the labor involved in the production of the engine must be included.
There is no net saving involved when a part is being bought from an out-
side supplier since the same labor is being performed in the plant of
the supplier [1].

By moving a newly-trained, highly skilled crew to an assembly
line the direct labor input per unit may drop, but higher wages paid
to a highly skilled crew may actually result in increased costs. Sim-
ilarly, new engineering or tooling may result in lower production times
but higher costs. The method which produces the lowest labor input per
unit may not always be the optimum method of production.

Care must be taken to justify claims that drops in direct labor
input per unit are the result of "learning." 1In some instances shrewd
management and good personnel handling can bring about drops in labor
input without any "learning' having occurred [1].

For prediction of future labor times before the first unit has
been produced, a combination of learning curves with time and motion
studies has proved highly reliable. It has been shown that for most mass-
produced articles involving large quantities in production reliable esti-

mates of labor times from time studies should be around the 1,000th unit.



From Formula (2) it can be shown that the slope of the direct labor
input per unit-produced curve will approach zero for large values of
X, indicating that a point is reached where the decrease in labor in-
put with each succeeding unit is negligible. Thus it 1s possible to
predict labor input for any unit by plotting the optimum labor time,
derived by the time study method, at the 1,000th unit on log-log paper
and drawing a straight line of slope [log (% of learning)/log 2] back
to the ordinate. After production is under way and the time for the
first unit is precisely know, the graph can be revised with the line
again drawn from the 1,000th unit optimum time point, but through the
actual time of the first unit [3].

Illustrations in three specific areas (pricing, make or buy
situations and manpower requirement predictions) will make the uses of
the learning curve concept more meaningful.

The Webster Machine Company. Following the outbreak of the
Korean War the Army's own facilities were inadequate to meet the de-
mand for gun barrels. Accordingly, the work was ''farmed out" to pri-
vate companies, one of which was the Webster Machine Company.

The contract called for a single rough forming operation on
2,000 gun barrels; in other words, machine time (rather than assembly
time) represented a large part of the work. The initial contract price
wés $76.70 per unit subject to price redetermination. When the price
was redetermined, Webster had completed 545 units at an average direct
labor cost, verified by audit and time study, of 35.3 hours per unit.
What direct labor cost should be charged in computing the price for
the uncompleted unit? Both parties recognized the fact that the 35.3 hour

figure was too high for the contract as a whole and that because of some
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sort of learning factor or increase in the contractor's "know-how,"
the new figure should be lower.

Webster argued for 22 hours per unit for the uncompleted units,
pointing out that the Army had seven years' experience in this operation
whereas Webster had never done it before. The figure of 35.3 hours was
recognized as the cumulative average for the first 545 units and, accord-
ingly, was plotted as one plot on the graph. To get the second point,
which was necessary to construct the curve, the company computed the
cumulative average for all 2,000 units (including the 545 produced to
date) on the basis of 22 hours per unit for the uncompleted units and
thus arrived at an overall average of 25.62 hours. A straight line drawn
between the points had a slope, or rate of learning, of 85% between doubled
quantities. This curve (Figure 43 showed that the direct labor theoreti-
cally required for the last unit would be 19.6 hours.

The Army supply officer took a very different view. He argued
that since the Army was performing the operation itself in 11.6 hours,

13 hours was a fair figure for the uncompleted units. (Webster did not
possess the Army's special hoists.) His proposal (Figure 3) was computed
in the same manner as Webster's. The slope of his line was a phenomenal
71.5%. 1In order to obtain the cumulative average of 19.08 hours for all
2,000 units called for by his proposal, Webster would have had to produce
the last unit in 9.82 hours. This was 1.78 hours less than the time the
Army was taking to produce the gun barrels, and the Army had seven years'
more experience on the job.

Clearly, Webster's proposal was the more reasonable, especially
in view of the fact that machine time represented the greater part of

the work, which meant a lower rate of learning (or higher percentage of
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labor times required between doubled quantities). The parties finally
agreed on an 85% curve [1].

Make or buy decisions concern the choice of whether to make an
item or procure it from an outside manufacturer.

Lee Aircraft Company. Early in 1952 the Lee Aircraft Company
was faced with a cutback in its production as a result of the Air Force
stretch-out program. Consequently, it was inclined to cancel some of
its subcontracts and pull the work back into its own shop to keep it
fully occupied.

One subcontract which it thought of canceling was with the Roberts
Manufacturing Company for 372 landing flap assemblies — an item which
it also was manufacturing in its own plant. To arrive at a comparison
of its own and Roberts' costs of manufacturing the assemblies, Lee de-
cided to plot the respective learning curves.

Lee had already produced 165 assemblies, with a figure of 445
hours for the 165th unit, and was well along the downward slope of its
learning curve; continuation of the curve indicated a total labor input
of 111,000 hours for 372 additional units. In comparison, The Roberts
Company, while apparently a more efficient producer of the item, was
just getting started on its learning curve. If it went on, it would be
able to produce the 165th unit at an expenditure of 402 hours — 43 hours
less than Lee — but continuation of its curve from the earlier, higher
point at which it then was indicated a total labor input of 164,000 hours
for the 372 units, or 53,000 more than Lee.

The foregoing analysis served to pinpoint the question for manage-
ment's judgment. In the short run, it was more economical for Lee to can-

cel the subcontract and do the work itself. In the long run, however,



13

it would be less expensive to leave the work with Roberts inasmuch as

it could produce the landing flaps for about 10% less labor once it

had gotten as far out on its learning curve as Lee. Therefore, the deci-
sion hinged largely on the probable total future demand for landing flaps
of this type. Since this total future demand was difficult to measure,
Lee decided to take advantage of the direct labor savings offered at

the time, which amounted to over $300,000. Accordingly, it canceled

the contract with Roberts [1].

Learning curves can play a most vital role in manpower planning,
as illustrated by the following example.

A manufacturing company determines that the demand for its new
self-propelled diesel railroad car calls for a production schedule like
that in the three lefthand columns of Table I, after allowing time for
tooling, engineering, and procurement. Its first step would be to work
out a learning curve for these units, with the production schedule repre-
senting the point of departure and the size of the work force the depend-
ent variable.

A rate of learning of 807 between doubled quantities produced
a learning curve shown in Figure (5). The monthly delivery schedule
is indicated by the vertical lines; the points where they intersect the
"curve" represent the cumulative averages of direct labor hour require-
ments as of the end of each month.

By taking these averages from Figure (5) and multiplying them by
the cumulative number of units produced, the cumulative total hours for

all preceding months can be obtained (fourth and fifth columns of Table I),.
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Table I. Calculation of Manpower Requirements

Units Cumulative Cumulative  Cumulative Total Total

Month : per : Number of : Averages : Total : Hours : Direct
Month Units (from Fig. Hours per Employees

: : 4) : : Month : per
Month
|

1 : 9 : 9 : 49,500 : 445,500 :445,500 : 2,228

2 : 16 : 25 ¢ 35,000 : 875,000 :429,500 : 2,148

3 : 22 : 47 : 28,000 : 1,316,000 :441,000 : 2,205

4 : 30 : 77 : 24,500 :+ 1,886,500 :570,500 : 2,853

5 : 40 : 117 : 21,500 : 2,515,500 :629,000 : 3,145

6 : 52 : 169 : 19,000 : 3,211,000 :695,000 : 3,478

7 : 65 : 234 : 17,000 : 3,978,000 :767,000 : 3,835

| . 8 : 80 : 314 : 15,500 s 4,867,000 :889,000 : 4,445
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If the latter figures are divided by the number of hours worked
per month (in this case 200), the needed number of direct employees can
be obtained. Thus, it can be seen from Table I (rightmost column) that
about 2,228 employees are required in the first month, and about double
that number in the last month, whereas the number of units produced per
month increases about nine times.

This same procedure could be used to determine the manpower re-
quirements for each manpower classification [1].

From the results which have thus far been obtained through the
use of the learning curve, it is rather surprising that the use of this
technique has not been more extensive, and that it has not received more

attention in statistical and quality control literature [2].
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PART VII

This section of the report is intended to provide a relative-
ly complete bibliography of the literature that has been publish-
ed in the last decade on the subject areas that are being con-
sidered as a part of this research gyant, It is anticipated -
that the bibliography will be extended with each add.tional report
during the remainder of the term of the grant, The literature
listed in this section is being reviewed by the members of the
research group in the areas of their particular interest and

research areas,
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